Symmetric and Antisymmetric Spin-Orbit Forces 
in YN Interaction by a Quark Model 

Sachiko Takeuchi 

Dept of Public Health and Env Sci, 
Tokyo Medical and Dental Univ, 
Yushima, Bunkyo, Tokyo 113-8519, Japan 



The symmetric and antisymmetric spin-orbit forces (SLS and ALS) in the YN interaction 
Q\ ', are investigated for relative P-wave systems by a valence quark model with the instanton- 
induced interaction (III). The size of the adiabatic potential at the zero range is shown for 
each of the YN channels. The size of ALS is comparable to SLS. The channel dependence 
of ALS, which is determined by the flavor SU(3) symmetry when the one-gluon exchange 
(OGE) and/or the meson exchange interaction are used, deviates after introducing III. In 
most of the two-baryon channels, including the two-nucleon channel, the spin-orbit force of 
the YN interaction is strong. A few exceptional channels, however, are found where III and 
OGE are canceled to each other, and the spin-orbit force becomes small []IJ]. 

Recent experiments on the systems with strangeness are making great progress. Es- 
pecially the gamma spectroscopy has identified several gamma transitions, which give us 
valuable information on the spin part of the AN interaction]^]. From the observed levels of 
A-hypernuclei, it is believed that the spin-orbit force between A and nucleon is very small 
comparing to that between two nucleons. However, it is nontrivial to remove the nuclear 



Oh 



effects. Also, only the combined effect of LS and ALS can be measured in the hypernuclei. 
Information on the noncentral parts of the YN interaction has not given directly from ex- 



periments yet. The theoretical investigation of hypernuclei has been performed mainly by 
using the empirical YN interactions 0. Here we employ a valence quark model to investigate 
the properties of the spin-orbit force in the strange systems. The quark model with III is 
found to have an appropriate size and the channel dependence for the spin-orbit force and 
therefore will enable us to see the feature from a more fundamental viewpoint. 

A valence quark model usually contains three terms in the hamiltonian: the kinetic 
term, the confinement term, and the OGE term[|4],[||||7|]. It is considered that OGE stands 
for the perturbative gluon effects and that the confinement force represents the long-range 
nonperturbative gluon effects. We argue that a valence quark model should include 1 1 1 as 
a short-range nonperturbative gluon effect in addition to the other gluon effects []l],|8|||. The 
model hamiltonian for quarks can be written as follows: 

#quark = K + (1 - Plll)V OGE + PjnVw. + Konf , (1) 

where Voge and Vm are the Galilei invariant terms of the III and OGE potentials. The 
parameter pm represents the relative strength of the spin-spin part of III to OGE. 

The QCD instantons were originally introduced in relation to the Ua{1) problem. It 
produces couplings of instantons to the surrounding light-quark zero modes[]IIJ]. This leads 
a flavor-singlet interaction among quarks, which is III in the present model. This interaction 
is considered to be the origin of the observed large mass difference of rj'-rj mesons. 
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It is well known that the color magnetic interaction in OGE is responsible to produce 
many of the hadron properties. By adjusting the strength of OGE, it can reproduce the 
hyperfine splittings (e.g., ground state N-A mass difference) as well as the short-range re- 
pulsion of the two-nucleon systems in the relative S'-wavejUJ. It, however, is also known 
that the strength of OGE, a s , determined in this empirical way is much larger than 1, which 
makes it hard to treat it as the perturbative effect. The spin-spin part of III produces the 
nucleon-A mass difference and the short-range repulsion between the two nucleons as the 
color magnetic interaction PJTH[] . Thus, one can reduces the empirical strength of OGE, a s , 
by introducing III. Moreover, LS of III contributes the spin-orbit force in an interesting 
way!!. 

The valence quark model including only OGE as an origin of the hyperfine splittings has 
a spin-orbit problem. The LS part of OGE is strong; it is just strong enough to explain the 
observed large spin-orbit force between two nucleons^]. On the other hand, the experimental 
mass spectrum of the excited baryons indicates that such a strong spin-orbit force should 
not exist between quarks jjTTJ. A valence quark model in which the spin-orbit parts of the 
quark interaction are removed by hands can simulate the observed mass spectrum^. To 
explain both of the spin-orbit features at the same time is highly nontrivial. 

In ref . |]|| , we demonstrated that introducing III may solve the above difficulty in the P- 
wave systems due to the channel-specific cancellation between OGE and III. The mechanism 
of the cancellation is clearly seen at the flavor SU(3) limit. Since here we consider the spin- 
orbit force on the P-wave systems, the quark pairs which are orbital-antisymmetric and 
spin-symmetric, i.e., only the pairs symmetric (or antisymmetric) simultaneously in the 
flavor and in the color spaces, are relevant. It is found that the contribution from the 
color-symmetric quark pairs dominates in most of the YN LS interaction, while only color- 
antisymmetric pairs exist in a baryon. Because III behaves like scalar-particle exchange and 
OGE is vector-particle exchange, the sign of their spin-orbit parts is opposite to each other. 
Thus, where both of OGE and III contribute, namely for the color- and flavor-antisymmetric 
pairs, LS cancellation occurs. Therefore, it was expected that introducing III would explain 
the strong LS in the two-nucleon systems and weak LS in the excited baryons, which was 
confirmed numerically. 

The negative-parity baryon mass spectrum by the present model shows that there is only 
weak spin-orbit force between the quarks due to the above cancellation. In the present choice 
of the parameters, the LS splittings becomes from 0.14 to 0.37 times smaller than that from 
the model only with OGE (fig. 1)0. 
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Fig. 1: Negative-parity baryon mass 

The LS part of the quark interaction produces both of the LS and ALS terms in the 
YN interaction. To investigate their feature, we calculate an adiabatic potential for the two 
baryons at relative distance, R = 0. It can be obtained by subtracting the single particle 
value from the matrix element taken by the (0p)(0s) 5 harmonic oscillator wave function: 



U(R=0) = Table 1: Spin-orbit forces in the two-baryon systems 

2 The values are in MeV with the relative strength to NN SLS. 

i 

This value is considered to 
express the size of the short- 
range interaction between 
the baryons. 

The numerical results of 

t/sLS[ALS](#=0) at i s = 1 

and 0.6 with and without 
III are listed in table 1. The 
size of ALS is comparable to 
SLS in general. Both kinds 
of the spin-orbit forces de- 
pends strongly on the chan- 
nels. 

The symmetric and antisymmetric spin-orbit force between two baryons remains strong 
in most of the channels after introducing 1 1 1 as was found in the two-nucleon system. There, 
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Fig. 2: LS and ALS parts of the RGM kernel 



however, are a few exceptional channels where color-antisymmetric quark pairs play an im- 
portant role and the OGE-III LS cancellation also gives notable effects: the symmetric 
spin-orbit force of the N£(I =1/2) and of the NA-NS channels becomes small after intro- 
ducing III. 

Introducing III changes the channel dependence of the spin-orbit force. It was reported 
that if the interaction between baryons holds the flavor SU(3), which corresponds to the 
pin = and £ s — 1 case here, the channel dependence is determined only by the SU(3) 
symmetry |12| . The £/sls[als](-R) from qSLS at pm=0 were calculated and found to hold the 
above relation between the channels except for the factor from the norm kernel [|T2"|]. Since 



III affects color- and flavor-antisymmetric quark pairs selectively, this relation deviates when 
1 1 1 is switched on. We found that introducing III changes actually the relative strength of 
the spin-orbit force between the baryons considerably. 

The adiabatic potential at R > looks like a gaussian with the range of about 1 fmP,[l2|. 
Since the potential we are considering here is SLS or ALS between relative P-wave, the 
potential at R > will be more important. Moreover, when we treat the quarks dynamically 
by, e.g., a quark cluster model, the potential we should consider between baryons is not the 
adiabatic one but the RGM potential, which is highly nonlocal []5]||[0 (^S- We argue, 
however, as far as a relative strength of SLS or ALS to the NN SLS is concerned, the 
conclusion here holds even when one performs more sophisticated calculations. 

The ALS term is also in the meson-exchange interaction JT2J; it was found that the tensor 
couplings of the vector-meson exchange can produce ALS at the flavor SU(3) limit. The 
meson-induced ALS seems much smaller than that of quarks, though the size of the meson 



coupling is not well known 1 12]. 



Experimentally, information on the YN spin-orbit force has been given only through 



The values for ALS in fig. 2 have been revised. 
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the level splittings in A hypernuclei. The level splittings, however, gives only the combined 
strength of SLS and ALS; the strong SLS and ALS originated from the quark interaction may 
cancels each other. It was reported that the other effect such as the YN tensor interaction 
may reduce the splitting ||. More investigations both from the theoretical and experimental 
sides are necessary to understand the spin properties of the systems with strangeness. 
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